resulting in a trade-off between many small offspring versus a few large offspring. This trade-off may be further shaped by selective constraints on the parsing of reproductive investment into single or multiple clutches during a breeding season. Lizards have been a model study organism for the examination of both the proximate and ultimate factors driving this trade-off. Indeed, the clutch size/offspring size trade-off has been shown to be constrained by the maximal space available in a female's abdominal cavity (Vitt and Congdon 1978; Shine 1992; Du et al. 2005 ) and pelvic opening (Congdon and Gibbons 1987; Sinervo and Licht 1991) , and offspring size has been convincingly linked to offspring survival (Ferguson and Fox 1984; Sinervo and Doughty 1996) . However, it has been argued that resource availability is a primary driver of reproductive investment and the clutch size/offspring size trade-off (DeMarco 1989; Schwarzkopf 1992; Bonnet et al. 2001; Jordan and Snell 2002; Olsson et al. 2002; Du et al. 2005; Uller and Olsson 2005; Oufiero et al. 2007) . Despite the great successes of trade-off research in the herpetological literature, the link between maternal resources and reproductive trade-offs remains somewhat tenuous and the predicted clutch size/offspring size tradeoff is not always observed (Doughty and Shine 1997; Zera and Harshman 2001; Jordan and Snell 2002; Bowden et al. 2004; Uller and Olsson 2005) .
This lack of evidence does not negate the existence of the offspring size/clutch size trade-off but may be a result of concealment by mitigating factors (van Noordwijk and de Jong 1986; Roff 2002) . If a parent has R resources to invest in offspring and each offspring costs I units, the clutch size C must be (Smith and Fretwell 1974) . C ∝ R/I If adults are of various sizes within a species (i.e., they experience indeterminate growth, as in lizards, fish, etc.) then , where overbar indicates the adult average C ∝ R/I of R and C. If we plot vs. for a collection of ln (C) ln(I) species, will have a linear relationship with a slope ln (C) of Ϫ1 if (i) all the species have the same value or (ii) R does not correlate with I across species. Unfortunately, R for many taxa (including lizards and mammals), I correlates with and so the expected Ϫ1 slope is not seen R (Charnov and Ernest 2006) . In other words, the trade-off (inverse proportionality) assumed by the classic SmithFretwell model is probably masked if resource availability and reproductive allocation vary greatly among individuals or species (van Noordwijk and de Jong 1986; Roff 2002) . Clearly, we expect , or a slope of Ϫ1 (for C/R ∝ 1/I vs.
), if we first remove the effects of varying ln C/R ln I R among species. Charnov and Ernest (2006) demonstrated (with mammals) that there exists a very general way to correct for variation in among species. They argued that, R across species and within a taxon, (where m 0.75 R ∝ (m) is body mass) and, thus, .
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C/m ∝ 1/I In this study we use a compiled lizard life-history data set to first test a prediction from a recent life-history evolution model where, for indeterminate growers such as lizards, (Charnov et al. 2001 ). Here, is body 0.75 R ∝ m m a a mass at first reproduction. We then use this data set of 138 populations of 115 species of lizards and the Charnov and Ernest (2006) approach to examine the relationship between size-dependent resource allocation and the clutch size/offspring size trade-off in lizards. It is important to note that the optimization models of Charnov et al. (2001) , as well as those of Lester et al. (2004) and Shuter et al. (2005) , have demonstrated that the scaling exponent of 0.75 that describes the relationship between reproductive allocation and incorporates the effects of mortality on m a size at maturity and reproductive effort. Because their optimization models allowed for the adjustment of age/size at maturity and reproductive allocation in the face of mortality, our use of this scaling in our analysis thus captures the effects of mortality on the clutch size/offspring size trade-off. Using maximum likelihood techniques, we also compare the fit of both conventional comparative and phylogenetic regression models to these allometric and trade-off data. Through these analyses we thus show that average yearly reproductive allocation across the lizards in this data set is indeed proportional to , and we further 0.75 m a demonstrate that, by accounting for this size-dependent reproductive allocation, the often obscured offspring size/ clutch size trade-off is made apparent and robust, even in lizards exhibiting very diverse life histories.
Methods

Data
Life-history data were compiled from the published literature for 138 populations and 115 species of lizards of the following 15 families: Agamidae, Anguidae, Chamaeleonidae, Corytophanidae, Crotaphytidae, Gekkonidae, Gymnophthalmidae, Iguanidae, Lacertidae, Phrynosomatidae, Polychrotidae, Scincidae, Teiidae, Tropiduridae, and Xantusiidae. Values for the parameters of female snoutvent length (SVL) at maturity, average hatchling SVL, average clutch size, and average annual number of clutches were gathered from both primary literature sources and previously published reviews of lizard life histories (see app. A). The SVL at maturity ( ) used in our data set m a is either that reported by the original authors or the SVL recorded for the smallest reproductive female reported in a study. Female SVL at maturity ranged from 28.5 to 378 mm across species. If all of the above data were not available for a single population (or from a single source), then average values for a species were derived from a number of studies.
In our analysis we used the calculation (using 3 (SVL) both maturity SVL and hatchling SVL) as a proxy for body mass. This conversion is supported by a previous study that found body mass scales as SVL raised to an exponent of 2.98 across 47 species of lizard (Pough 1980) . Similarly unpublished field data from one of the authors (R.W.W.) suggest an exponent of 3.12 when analyzing 14 species of lizards composed of 436 individuals ranging from hatchling to adult ( ; 95% CI of log (body mass) p Ϫ10.9 ϩ 3.12 # log (SVL) exponent, 2.99-3.23;
). We did not use body mass 2 r p .87 in our analyses for two reasons: SVL is much more commonly reported in the herpetological literature as a measure of size and age, and the body mass of lizards of a given SVL can be highly variable due to relatively large ingested and egested meals.
Annual clutch size was estimated by multiplying av-C erage clutch size by number of clutches per year. We estimated the average yearly body mass given to reproduction by multiplying the average annual clutch size by C hatchling (again, is used to estimate hatch-3 3 (SVL) (SVL) ling body mass).
Statistical Analysis
Slope estimates for all conventional analyses were calculated using ordinary least squares (OLS) regression and reduced major axis (RMA) estimation. For these analyses we used the line fitting package SMATR (http://web .maths.unsw.edu.au/∼dwarton/programs) implemented on the R software platform (R Development Core Team 2007) . It has been argued that RMA estimation or Type II regression is more appropriate than OLS regression for analyzing allometric data (see LaBarbera 1989) . As shown by Warton et al. (2006) , however, there is no single correct method for finding a line of best fit to allometric data (see also Ricker 1973) . Contrary to claims in the literature, RMA estimation should not be used simply because the X-axis data are measured with error (Warton et al. 2006) . The RMA method is designed to account for error (random and measurement error) along both the X-and Yaxes (Warton et al. 2006; O'Connor et al. 2007 ). An important limitation of RMA, however, is that to account for this error it assumes that variance in the data is partitioned equally between both axes. On the other hand, OLS regression assumes that variance in the Y-axis is greater than variance in the X-axis. In their recent review, O'Connor et al. (2007) demonstrated that these regression methods worked well under the conditions for which they were designed (i.e., OLS when is large and RMA when j /j
The data presented in this study are compiled data from field studies that inherently have a degree of measurement error that includes both operator error and sampling error. The degree of this error is not known. In this study, however, our presentation of this data warrants the use of OLS regression because the compounding error in the Y-axis variables (e.g., clutch size # number of clutches # hatchling size) swamps any error in the X-axis variables (e.g., hatchling size or maturity size). We present both OLS and RMA regressions in this study for comparison with phylogenetic regressions (see below) and for discussion.
Phylogenetic Analysis
The relationship between size, reproductive effort, and the clutch size/offspring size trade-off across species may be driven not only by resource trade-offs but by phylogenetic inertia between closely related species. To account for a phylogenetic effect among these traits, we developed a composite phylogeny using the most recent comprehensive phylogenies available for all of the lizard species analyzed in this study (see app. B). This tree was drawn using Mesquite (Maddison and Maddison 2006) , and species with multiple data points were drawn as polytomies (not shown in fig. B1 ) with no hierarchical arrangement of populations (Perry and Garland 2002) . Initial branch lengths were arbitrarily set to a value of 1, which is appropriate for a speciation model of evolution (Martins and Garland 1991) . We then used a new Matlab program regressionv2.m (http://biology.ucr.edu/people/faculty/Garland/ physig) to implement and compare nonphylogenetic OLS and phylogenetic generalized least square (GLS) regressions using the Ornstein-Uhlenbeck (OU) transformation (Blomberg et al. 2003; Lavin et al. 2008) . In this article, we refer to this phylogenetic regression model with the OU transformation as PROU. A detailed explanation of this Matlab program and phylogenetic regression methodology (outlined below) can be found in Lavin et al.'s (2008) paper. It is important to note that models resulting from phylogenetic GLS regressions are equivalent to those resulting from the method of independent contrasts (Freckleton et al. 2002; Blomberg et al. 2003) . Analysis using PROU, however, has several advantages that include an estimate of the strength of phylogenetic signal in the data (see below: the d parameter), as well as the ability to compare the fit of competing OLS and phylogenetic regression models using a maximum-likelihood ratio test (Lavin et al. 2008) .
Briefly, regression by OLS assumes that residual variation is independent among species, whereas phylogenetic GLS regression assumes that residual variation is correlated and models these correlations using a Brownian or random evolutionary process along the phylogenetic tree. The regressionv2.m program also produces GLS regression models based on stabilizing selection around an optimum given by the OU process along the phylogenetic tree. Note that we do not present our analyses using GLS because the PROU models always outperformed the GLS models. Using restricted maximum likelihood, the program estimates the optimal OU transformation parameter d, which is an estimate of the optimal branch lengths. The parameter d can vary between 0 and 1: a value of 0 indicates that the nonphylogenetic OLS regression model best fits the data, whereas a value of 1 indicates that the PROU model best fits the data. If d is intermediate but significantly greater than 0, then the residual variation in the dependent variable exhibits a statistically significant phylogenetic signal. The model with better fit can be determined by a maximum-likelihood ratio test in which twice the difference in the natural log of the maximum likelihoods of the OLS and PROU models will be distributed approximately as a x 2 with degrees of freedom equal to the difference in the number of parameters estimated in the two models (PROU has one more parameter with d).
Results and Discussion
The predicted reproductive allometry of as the 0.75 R ∝ m a annual body mass given to reproduction is strongly supported in the data, with a very tight allometry and an estimated OLS regression slope of 0.77, which is not significantly different from our assumed value of 0.75 (95% CI, 0.70-0.84:
; 95% CI, 0.8-0.94: fig. 1 ). Although the RMA analysis does not overlap 0.78 the predicted 0.75 exponent, the OLS regression slope is the more appropriate model because, as argued above, the error in the Y-axis is compounded and must swamp any error in the X-axis data. Phylogenetic regression analysis using the PROU transformation also generally supports this predicted allometry with a 95% CI that overlaps the (table 1) . However, the two major clades in this data set exhibit differing slopes, with Iguania strongly supporting the predicted 0.75 value. Scleroglossa, on the other hand, shows wide confidence intervals that overlap the expected 0.75 value using an OLS regression model but not with the PROU model ( ).
2 r p 0.37 Thus, an individual's body size at maturity determines the annual body mass available for reproduction, which can be partitioned among a single or multiple clutches. This result also strongly supports the predicted 0.75 value of Charnov et al. (2001) , which reflects the influence of mortality on the growth and reproductive trade-off in lizards.
Next we examine the data set for the expected clutch size/offspring size trade-off by first simply asking whether clutch size or yearly clutch size is inversely correlated with offspring size across lizard species. We find no evidence, however, of a trade-off for either clutch size ( fig. 2A) figure 3A , the -corrected yearly clutch size is R now very strongly related to offspring size, with a slope value not significantly different from Ϫ1 (OLS slope, Ϫ0.96; 95% CI, Ϫ0.87 to Ϫ1.05;
; RMA slope, 2 r p 0.78 Ϫ1.09; 95% CI, Ϫ1 to Ϫ1.18; fig. 3A ). Phylogenetic regression analysis also generally supports this result, with a slope for the entire data set that trends toward Ϫ1 although the confidence intervals do not overlap the expected slope (PROU slope, Ϫ0.79; 95% CI, Ϫ0.69 to Ϫ0.92;
; fig. 3B ). However, the two major clades 2 r p 0.63 exhibit differing slopes, with Iguania again strongly supporting the predicted slope value of Ϫ1 (PROU slope, Ϫ1.02; 95% CI, Ϫ0.9 to Ϫ1.15;
; fig. 3B ). Scle-2 r p 0.79 roglossa, on the other hand, shows a more shallow slope that trends toward, but does not overlap, the expected Ϫ1 slope value (PROU slope, Ϫ0.73; 95% CI, Ϫ0.61 to Ϫ0.88;
; fig. 3B ). The offspring size/clutch size trade-2 r p 0.67 off is thus revealed after controlling for variation in , as R shown by both the comparative OLS slope value of Ϫ0.96 and the negative trends near Ϫ1 for the phylogenetic regression analysis.
Phylogenetic Analysis
The newly developed phylogenetic regression program regressionv2.m by T. Garland Jr. (Lavin et al. 2008 ) provides for tests of the strength of phylogenetic signal among traits (Blomberg et al. 2003) , as well as maximum-likelihood data for the comparison of fit between models ranging from conventional nonphylogenetic to complex phylogenetic regressions. For both the data for the reproductive allometry (table 1) and the offspring size/clutch size tradeoff (table 2) , likelihood ratio tests indicate that phylogenetic regressions using the PROU transformation fit significantly better ( ) than do OLS regression models. P ! .05 For all lizards in the data set and between the two clades, PROU models provided a better fit because they contain an additional parameter d (Lavin et al. 2008) . Note that the all lizard and clade data sets show values that are significantly greater than 0 for the parameter d (allometry and trade-off analysis average, SD; tables 1, 0.61 ‫ע‬ 0.13 2). Because this parameter d gives a measure of how well the branch lengths estimated by the OU transformation fit the data, the residual values for these lizards have a statistically significant phylogenetic signal (Blomberg et al. 2003; Lavin et al. 2008) . It must be noted, however, that there is a rather large degree of uncertainty in the topology of our phylogenetic tree, especially within Scleroglossa, as indicated by polytomies ( fig. B1 ). Garland and DiazUriarte (1999) found, however, that phylogenetic analysis provides reliable estimates of trait correlations despite such phylogenetic uncertainty. A separate issue is whether the slopes from the comparative OLS regression models differ from the phylogenetic PROU models, which can be determined by the overlap of their 95% CIs (Lavin et al. 2008 ). For our reproductive allometry analysis, the confidence intervals of both OLS and PROU models did overlap the predicted 0.75 slope value for all lizards and the Iguania clade, whereas the PROU slope for Scleroglossa did not overlap this value (table 1). For our trade-off analysis, the confidence intervals and slope values from the OLS model were very near the predicted value of Ϫ1 for all the lizards and the Iguania clade (table 2). For the PROU analysis, however, only the Iguania clade exhibited a slope and confidence interval that was indistinguishable from Ϫ1.
These differences in the slope patterns between the two major clades suggest that correlated life-history traits such as body plan and reproductive effort may play a very important role in the reproductive allometry and trade-offs of these lizards (Vitt and Congdon 1978; Shine 1992) . Lizards in the Iguania clade generally have rounded body plans and have clutch sizes and an annual number of clutches that are, on average, twofold greater than those of the lizards in Scleroglossa (which are characterized by slender body plans). An examination of the differing ecomorphologies included in this data set may, therefore, be a very informative way to understand how selective forces have shaped the clutch size/offspring size trade-off. Included in this data set are species representing the great diversity of coevolved body plans, foraging modes, and reproductive strategies that are inherent to lizards ranging from the rotund horned lizards (Phrynosoma genus) to the sleek whiptails (Teiidae) and including both oviparous and viviparous species.
The oviparous and viviparous reproductive modes did not affect our trade-off results; oviparous species had an OLS regression slope value of Ϫ0.92 (95% CI, Ϫ0.82 to Ϫ1.02; ; ) and viviparous species had a 2 r p 0.77 n p 112 slope value of Ϫ0.98 (95% CI, Ϫ0.76 to Ϫ1.20;
). The intercepts are also indistinguishable, 0.78 n p 26 with wide overlapping confidence intervals for the oviparous species (intercept, 2.20; 95% CI, ) and for the viviparous species (intercept, 2.47; 95% CI, 0.14-4.81).
Analysis of the clutch size/offspring size trade-off at the rather coarse taxonomic family level indicates that most of the lizards in this data set (we excluded families with !4 data points) do show the predicted negative relationship between -corrected annual clutch size and hatchling R size (fig. 4) . Although the family designation may be a Lizard Size-Number Trade-Off E85 somewhat arbitrary phylogenetic distinction, we believe that this analysis satisfactorily captures the significant and consistent ecomorphologies represented by different families (e.g., Gekkonidae vs. Iguanidae, etc.). Although generally small sample sizes and limited ranges of hatchling size preclude much precision, all of the 95% CIs for each family include the expected Ϫ1 slope value. Indeed, the estimated slope value is indistinguishable from Ϫ1 (OLS slope, Ϫ0.99;
) if only those five families with 2 r p 0.82 four or more data points (Teiids and horned lizards excluded) are included in the across-species trade-off analysis.
The distinct ecomorphologies characterized by the horned lizards (Phrynosoma) and Teiids are possibly the exceptions (fig. 4) . These lizards may represent the extremes in differing body plans between the clades of Igua-E86 The American Naturalist (mass) CI, Ϫ0.87 to Ϫ1.05; RMA slope [dotted line] Ϫ1.09, 95% CI, Ϫ1 to Ϫ1.18) indistinguishable from a Ϫ1 slope, strongly supporting the theoretically predicted offspring size/clutch size trade-off across lizards. B, Phylogenetic analysis using GLS regression also shows regressions of negative slopes near Ϫ1, with the Iguania clade (solid line) strongly supporting the Ϫ1 slope, whereas the Scleroglossa clade (dashed line) does not show a slope overlapping Ϫ1.
nia and Scleroglossa, and their differing slope values may reflect how the correlation between body shape and body mass allocation to a single clutch have shaped the clutch size/offspring size trade-off in these lizards. As argued by other researchers, body shape is highly correlated with lizard ecology, feeding strategies (active vs. sit-wait predators), and reproductive effort (Vitt and Congdon 1978; Shine 1992) . The five horned lizard species, however, R ∝ m a distorted if larger-bodied species always lived at higher average annual temperatures than small-bodied species did (Gillooly et al. 2002) . However, this does not appear to be true for these lizards, as shows a very tight 0.75 R ∝ m a relationship. A lack of a temperature effect is not necessarily that surprising, however, considering that diurnal reptiles can behaviorally adjust their own body temperatures precisely and over a considerable thermal range (Shine 2005) . Thus, most reproducing females are likely optimizing their resource allocation to a clutch by behaviorally regulating their body temperature. That is, the lifehistory traits of a particular species or population have been molded by temperature, and our data therefore include any temperature effects on resource dynamics.
Mortality
Ontogenetic increases in body size, clutch size, reproductive effort, and survival that are characteristic to most species of lizards must play an extremely important role in shaping the clutch size/offspring size trade-off in a single breeding effort, especially within the context of potential future reproduction. Our use of yearly average values certainly does not capture these ontogenetic dynamics. To explicitly model such interage class differences, however, would require detailed knowledge of when mortality occurs for each age class (e.g., before or after a first, second, or third clutch). These data simply do not exist, even for well-studied taxa as such lizards; all life-history and demographic data for lizards are average estimates. Despite the coarse nature of such field estimates (and the compiled data in this article) and our admittedly coarse method of estimating resources for reproduction ( ), our re-
R ∝ m a sults are robust and strongly support the theoretical predictions. We also do not include an extra mortality cost induced by increased reproduction because such a tradeoff has rarely been demonstrated in nature (van Noordwijk and de Jong 1986; Charnov 1993; Schwarzkopf 1993; Charnov et al. 2001; Uller and Olsson 2005) .
Allometry Methodology
The primary objective of allometry analysis is often the estimation of slopes. Slopes estimated by regression can provide insight into the functional biology of organisms and ecosystems and have been the fuel for much recent debate (e.g., Calder 1984; White and Seymour 2003; Brown et al. 2004 ). Critical to the estimation and confidence of allometry slopes is the variance structure within the data. Because variance due to measurement and sampling error is always present (often to an unknown degree) in both comparative and phylogenetic data, the use of Type II RMA regressions has more often been recommended over least squares methods (Sokal and Rohlf 1995; Warton et al. 2006) . As demonstrated by O'Connor et al. (2007) , however, OLS and RMA regression methods provided accurate slope values only under the conditions for which they were designed (i.e., OLS when is large and RMA j /j oriented residuals regression method (LSVOR) outlined by O'Connor et al. (2007) would be ideal with the use of more complete life-history data that include variance estimates. Admittedly our OLS, RMA, and PROU slope estimates are not the most accurate because of unknown variance, but the critical point is that the predicted allometry and trade-off patterns are always supported ( figs. 1, 3) . The approximate slope values for these lizard data are very near the predicted slopes of 0.75 and Ϫ1 when the data are analyzed using both comparative and phylogenetic methods. If we had better variance data, both our comparative and phylogenetic slope values would presumably be similar to the LSVOR simulation results reported by O'Connor et al. (2007) . Our estimated comparative and phylogenetic slope values would thus lie between the reported OLS, RMA, and PROU estimates, with confidence intervals closely overlapping the predicted 0.75 and Ϫ1 slope values.
In summary, our results show that, by correcting for size-dependent variation in , the often-obscured inverse R proportionality between and I is revealed for lizards, C despite our rather crude measure of resource investment. These data also demonstrate a very tight allometry for annual production, a relationship that has been rarely shown for lizards. Phylogenetic GLS models similarly support these results, although they highlight differing tradeoff and reproductive patterns between the two major clades of Iguania and Scleroglossa. When combined, these analyses demonstrate the importance of examining the offspring size/clutch size trade-off from the perspective of annual resource investment in reproduction because the offspring size/clutch size trade-off is not isolated to a single clutch but is shaped by resource investment over an entire breeding season. Considering the importance of body size for a spectrum of life-history traits (Calder 1984; Charnov 1993) , allometric relationships such as are also 0.75 R ∝ m a invaluable tools for increasing our understanding of the evolution of life-history trade-offs. Indeed, through the use of these tools, we conclude that, across lizard species with a wide diversity of evolved life-history traits, there is strong evidence for the predicted trade-off between offspring size and the annual number of eggs produced. also thank M. Moses, C. Oufiero, S. Poe, and three anonymous reviewers for greatly improving this article through their insightful critiques. R.W.W. was supported by an NSF-UNM Biocomplexity Fellowship (DEB-0083422) and an NSF GK-12 Fellowship (DGE-0538396). 
APPENDIX A
